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ABSTRACT
The first stars are known to form in primordial gas, either in minihalos with about
106 M or so-called atomic cooling halos of about 108 M. Simulations have shown
that gravitational collapse and disk formation in primordial gas yield dense stellar
clusters. In this paper, we focus particularly on the formation of protostellar binary
systems, and aim to quantify their properties during the early stage of their evolution.
For this purpose, we combine the smoothed particle hydrodynamics code GRADSPH
with the astrochemistry package KROME. The GRADSPH-KROME framework is
employed to investigate the collapse of primordial clouds in the high-density regime,
exploring the fragmentation process and the formation of binary systems. We observe
a strong dependence of fragmentation on the strength of the turbulent Mach number
M and the rotational support parameter β. Rotating clouds show significant fragmen-
tation, and have produced several Pop. III proto-binary systems. We report maximum
and minimum mass accretion rates of 2.31×10−1 M yr−1 and 2.18×10−4 M yr−1.
The mass spectrum of the individual Pop III proto-binary components ranges from
0.88 M to 31.96 M and has a sensitive dependence on the Mach numberM as well
as on the rotational parameter β. We also report a range from ∼ 0.01 to ∼ 1 for the
mass ratio of our proto-binary systems.
Key words: early universe, gravitational collapse, Pop. III stars, binary systems,
accretion
1 INTRODUCTION
It is now well-established that Population III (Pop. III)
stars have formed from primordial gas, where the only avail-
able cooling agent in the beginning was molecular hydrogen
(Saslaw & Zipoy 1967; Palla et al. 1983; Galli & Palla 1998).
The typical formation sites of the first stars are the so-called
minihalos with about 106 M (Abel et al. 2002; Bromm et al.
2002; Bromm and Larson 2004) or the more massive atomic
cooling halos with ∼ 108 M, as long as they remained in
the primordial state (e.g. Greif et al. 2008; Wise & Abel
2008). The cooling in the primordial gas can lower the gas
temperature to a minimum of about 300 K, thereby imply-
ing a value for the Jeans mass that is considerably higher
than for present-day gas clouds (Bromm et al. 2002; Glover
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2005), and requiring an initial dark matter halo mass of
at least 105 M for gravitational collapse (Tan and McKee
2004). The protostars must have accreted substantially from
their environment in order to achieve high masses (Omukai
and Nishi 1998; Ripamonti et al. 2002; Omukai and Palla
2003), as the accretion rate is expected to scale with the
sound speed cs to the third power.
In what has become the standard picture, Population
III stars are generally considered to be more massive than
the current stellar population (Bromm and Larson 2004).
Due to their high masses, temperatures and luminosities,
they may have played an important role in shaping the early
Universe through radiative and supernova feedback (Whalen
et al. 2008; Abel et al. 2007; Yoshida et al. 2007). The influ-
ence of their radiation may have affected the formation of the
subsequent generations of stars (Yoshida et al. 2007; Clark et
al. 2011; Latif et al. 2014). Attempts to understand primor-
dial star formation have started in the late sixth decade of
the last century (Matsuda and Takeda 1969) and continued
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until more recent investigations (Nakamura and Umemura
2002; Wise et al. 2008; Stacy et al. 2013). Recent numerical
models based on the statistics of 100 simulations, although
partly using 2D radiation hydrodynamical calculations, sug-
gest that the Initial Mass Function (IMF) has a wide mass
distribution MPop.III = 10 ∼ 1000 M (Hirano et al. 2014).
The IMF for Pop III star formation is therefore still not
strongly constrained by current numerical models and needs
further investigation (Zackrisson et al. 2011; Karlsson et al.
2011).
A new set of simulations introduced recently (Xu et
al. 2016; Federrath et al. 2010; Greif et al. 2011; Bryan et
al. 2011) as well as more effective tools to include chem-
istry into numerical simulations (e.g. Grassi et al. 2014;
Smith et al. 2016), have cast serious doubts on the previ-
ous understanding related to the morphology of the first
generation of stars. While originally Pop. III stars were as-
sumed to form in isolation (Abel et al. 2002; Bromm et al.
2002; Bromm and Larson 2004), subsequent simulations go-
ing beyond the formation of the first protostars have shown
that additional fragments form after the formation of a self-
gravitating accretion disk (Clark et al. 2011; Turk et al.
2009; Johnson 2010; Stacy et al. 2013). This process also
leads to the formation of binaries (Stacy et al. 2010; Xu et
al. 2013). Through stellar archeology, indirect constraints
are now available on the masses of the first stars which are
based upon the chemical abundances observed in extremely
metal poor stars (e.g. Frebel et al. 2005; Frebel 2005; Frebel
& Norris 2015). These abundance patterns generically sug-
gest that Pop. III stars exploded as Type II supernovae with
progenitors of 15− 40 M (Umeda & Nomoto 2003; Keller
et al. 2014; Cooke & Madau 2014), whereas abundance pat-
terns pointing towards pair-instability supernovae have not
been found. A good review on the nucleosynthesis in the
first stars was recently provided by Karlsson et al. (2013).
A change in the mass and multiplicity of Pop. III stars,
as indicated by observations and stellar archeology, has rel-
evant implications for the lifetime of Pop. III stars, their
radiative feedback as well as metal enrichment (e.g. Heger
et al. 2001; Karlsson et al. 2013). Additional implications
of the formation of Pop. III binaries include the formation
of luminous X-ray binaries (Ricotti 2016), which could con-
tribute to the build up of an X-ray background (Glover &
Brand 2003). In addition, the presence of massive close bina-
ries evolving into binary black holes could ultimately lead to
detectable emission of gravitational waves due to the merger
of massive black holes (Belczynski et al. 2017; Miyamoto et
al. 2017; Pacucci et al. 2017; Schneider et al. 2017).
Another interesting result comes from the observation
of the Caffau star (Caffau et al. 2011). This is the most metal
poor star discovered to date. As a result of its extremely low
metallicity, in particular the abundances of carbon and oxy-
gen, metal line cooling can be excluded as a relevant cooling
mechanism during the formation of this star. These obser-
vations therefore point towards fragmentation via dust cool-
ing as a relevant mechanism for the formation of the Caffau
star (Schneider et al. 2012; Klessen et al. 2012; Bovino et al.
2016). To form low-mass stars in a close-to-primordial gas,
other mechanisms, such as the ejection of lower-mass objects
during three-body interactions, could be a viable formation
mechanism (Delgado-Donate et al. 2003; Smith et al. 2011).
Ejected Pop. III stars could stop accreting gas from their
surroundings and therefore extend the Pop. III mass spec-
trum towards the low-mass end.
Although a detailed assessment of the Pop. III mass dis-
tribution and the expected binary properties is still out of
reach because of computational limitations, our goal for this
paper is to assess the properties of protostellar binaries at an
intermediate stage of their formation while accretion is still
going on. Our simulation results therefore do not correspond
to the end product of star formation, but should instead be
considered as intermediate results which follow the buildup
of the protostars in their early formation stages. This is com-
parable to the work by Stacy et al. (2010), who evolved a
protostellar system for 5000 years after the formation of the
first sink particle. Stacy and Bromm have pursued similar
simulations for a set of different minihalos. In this paper, we
follow a complementary approach by adopting a set of well-
defined initial conditions to explore the effect of the initial
rotation and turbulence on the outcome of the collapse. Fur-
thermore, we adopt a threshold density of 1.0×10−11 g cm−3
for sink formation, an order of magnitude higher as in Stacy
et al. (2010), while evolving the resulting system for a simi-
lar timescale. The time to evolve the system is defined here
through the mass that is accreted onto the protostellar sys-
tem, and we explore in section 4.8 on how the results depend
on the time scale.
This paper is structured as follows. Section 2 describes
the computational scheme employed in our simulations. In
section 3 we describe the initial conditions and the setup
for our models along with a brief explanation of the treat-
ment of sink particles representing self-gravitating clumps.
Section 4 contains a detailed description of our results and
our conclusions are presented in section 5.
2 COMPUTATIONAL SCHEME
In this paper, we introduce for the first time the coupling of
the smoothed Particle Hydrodynamics (SPH) code GRAD-
SPH1 (Vanaverbeke et al. 2009) with the chemistry package
KROME2 (Grassi et al. 2014), which we jointly refer to as
GRADSPH-KROME. The combined code allows us to sim-
ulate the hydrodynamics of the star forming gas including
chemistry and cooling.
In SPH, the density ρi at the position ~ri of a par-
ticle with mass mi is determined by summing the con-
tributions from its neighbours using a weighting function
W (~ri − ~rj , hi) with smoothing length hi:
ρi =
∑
j
mjW (~ri − ~rj , hi) . (1)
GRADSPH uses the standard cubic spline kernel with com-
pact support within a smoothing sphere of size 2hi (Price
and Monaghan 2007). The smoothing length hi itself is de-
termined using the following relation:
hi = η
(
mi
ρi
)1/3
, (2)
where η is a dimensionless parameter which determines the
1 Webpage GRADSPH: http://www.swmath.org/software/1046
2 Webpage KROME: http://www.kromepackage.org/
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size of the smoothing length of the SPH particle given its
mass and density. This relation is derived by requiring that
a fixed mass, or equivalently a fixed number of neighbours,
must be contained inside the smoothing sphere of each par-
ticle:
4pi
3
(2hi)
3 ρi = miNopt = constant. (3)
Here Nopt denotes the number of neighbours inside the
smoothing sphere, which we set equal to 50 for the 3D sim-
ulations reported in this paper. Substituting Eq. 2 into Eq.
3 allows us to determine η:
η =
(
3Nopt
32pi
)1/3
. (4)
Since Eq. 1 and Eq. 2 depend on each other, we solve
the two equations iteratively at each time step and for
each particle. The evolution of the system of particles is
computed using the second-order predict-evaluate-correct
(PEC) scheme as implemented in GRADSPH, which inte-
grates the SPH form of the equations of hydrodynamics with
individual time steps for each particle. For more details and
a derivation of the system of SPH equations we refer to
Vanaverbeke et al. (2009).
After the predictor-corrector step, the astrochemistry
package KROME is invoked to solve the chemistry. The
package includes an extensive chemical network to model
the chemistry and cooling of primordial gas, which we will
describe in detail in section 3. After initializing the species
abundances as mass fractions of the various species, the
mean molecular weight and the adiabatic index are calcu-
lated self-consistently on the basis of the chemical compo-
sition of the gas. The conversion of temperature to energy
and vice-versa is computed on the basis of the equation of
state used in GRADSPH-KROME.
We consider a spherical cloud which is modeled as a
distribution of 1150709 SPH particles. Our primordial cloud
model has a total mass M = 1.3041 × 104 M and a ra-
dius R = 2.169 pc, with a corresponding initial density of
ρi = 8.650×10−20 g cm−3. The total mass inside the sphere
is three times the Jeans mass of the system. The gas is ini-
tially isothermal with a temperature of T = 300 K. The gas
is under solid body rotation. We explore values of the rota-
tional parameter β (the ratio of the rotational energy to the
gravitational potential energy of the cloud) of 0%, 5%, 10%.
The gas is also turbulent with the turbulent Mach number
M set to one of the values 0.5, 1.0, 2.0 to allow subsonic,
transonic, and supersonic turbulence to be included in the
models summarized in tables 1 & 2.
We inject a spectrum of incompressible turbulence into
the initial conditions by adding the velocity of 1000 shear
waves with random propagating directions to the initial ve-
locity of each particle. The wavelength λ of the shear waves
is distributed uniformly between 0.001R and R, while the
amplitude A of the waves follows a spectrum with A ∼ λp,
with the index p taking a value of 0.5 in our models (M1 -
M6) except model M7 where for the supersonically turbu-
lent gas the index p takes a value of 1.0. The amplitude of
the resulting turbulent velocity field is then rescaled so that
the RMS Mach number of the turbulent flow with respect to
the initial isothermal sound speed equals the value in each
model. Note that this procedure corresponds to decaying in-
compressible turbulence. We do not attempt to model driven
turbulence in our models.
For the initial conditions described above, the dynam-
ical time R/cs of the system is 4.17 × 105 yrs and is an
estimate of the collapse time of the system. A second rele-
vant timescale is the initial freefall time which is expressed
as
tff =
√
R3
GM
, (5)
and becomes tff = 417.365 kyrs for our models.
The protostars which appear in our simulations are rep-
resented by sink particles which are allowed to form when
the local density of the gas reaches the sink density thresh-
old, which is set to ρsink = 1.0 × 10−11 g cm−3. The mass
of sink particles which represent Pop. III protostars keeps
growing because of accretion of material from the parent gas
cloud. In our set of reference models we follow the process
of protostellar accretion until the total mass accreted by all
protostars in a simulation reaches 200 M. This procedure
enables us to compare the outcome of the simulations at a
similar evolutionary stage. The impact of varying the total
mass contained within the sink particles as a criterion for
terminating the simulations is discussed in section 4.8. The
maximum density attained by the collapsing primordial gas
in our simulations is 1.0× 10−11 g cm−3 which is around an
order of magnitude larger when compared with the Stacy
et al. (2010) simulation because our value for the threshold
density for sink formation is one order of magnitude larger.
2.1 Sink particle treatment and binary finder
algorithm
Our treatment of sink particles takes advantage of the re-
cently improved sink particle algorithm for SPH calculations
described by Hubber et al. (2013). We introduce sinks into
our current version of GRADSPH-KROME using the algo-
rithm NEWSINKS by Hubber et al. (2013, see sec. 2). In
this algorithm, a sink particle can be created from a given
SPH particle with accretion radius racc when 4 conditions
are met:
• its density exceeds the given threshold value ρsink.
• the gravitational potential of the particle is smaller than
that of all of its neighbours, so that the particle sits in a
gravitational potential minimum.
• there is no overlap between the accretion radii of the
potential new sink and any preexisting sinks.
• The density of the particle satisfies the Hill condition
ρi > ρHill =
3XHill(−∆~ris′ ·∆~ais′ )
4piG|∆~ris′ |2
, (6)
where ∆~ris′ = ~ri−~rs′ and ∆~ais′ = ~ai−~as′ are relative dis-
placement and acceleration vectors for the preexisting sinks
labeled s
′
, respectively, and XHill is a user-defined param-
eter which we set equal to 4. Eq. (6) needs to be satisfied
for all preexisting sinks in the simulation. The condition en-
sures that when a potential new sink particle is located in a
region which already contains a sink at its center but which
© 2015 RAS, MNRAS 000, 1–23
4 R. Riaz, S. Bovino, S. Vanaverbeke and D.R.G. Schleicher
Table 1. Summary of the initial physical parameters and the final outcome of the simulation models. For each model, the initial radius,
mass, average density and temperature are given by the constant values 2.169 pc, 1.3041× 104 M, 8.650× 10−20 g cm−3 and 300 K,
respectively.
Model Mach # Rotational factor (β %) # of objects # of binaries
M1 1.0 0 1 0
M2 0.5 0 1 0
M3 0.5 5 81 20
M4 1.0 5 38 10
M5 1.0 10 32 4
M6 0.5 10 36 6
M7 2.0 0 11 3
Table 2. Summary of the maximum evolution time in units of the initial free fall time tff , the mass contained within proto-binary systems
Mbinary, the mass contained within isolated protostars Misolated, the mean accretion rate of the most actively accreting proto-binary
component M˙acc.,most(M yr−1), and the mean accretion rate observed in the least active proto-binary component M˙acc.,least(M yr−1)
for models M1 - M7.
Model M1 M2 M3 M4 M5 M6 M7
tff 2.078924 2.073633 2.242504 2.24603 2.42592 2.42592 2.11512
Mbinary - - - - - - 132.937 153.934 79.656 127.193 199.61
Misolated 200 200 67.063 46.066 120.344 72.807 0.39
M˙acc.,most(M yr−1) 6.12 x 10−1 6.57 x 10−1 4.82 x 10−2 1.95 x 10−1 4.40 x 10−2 7.25 x 10−2 1.89 x 10−1
M˙acc.,least(M yr−1) - - - - - - 2.44 x 10−2 5.15 x 10−2 1.75 x 10−2 4.27 x 10−2 8.80 x 10−2
is much larger than the accretion radius of that sink (for ex-
ample a region undergoing Kelvin Helmholtz contraction), a
new sink can only be formed in the outer regions of the con-
tracting region when there is a local density concentration
that dominates the local gravitational field surrounding the
potential new sink.
The rate of accretion onto a sink particle is determined
as follows. We assume spherical accretion onto the sink par-
ticle and for each particle j whose distance from the sink
particle is smaller than the accretion radius racc, we define
its local accretion rate
M˙j = −4pi|∆~rjs|∆~rjs ·∆~vjsρj , (7)
where ∆~vjs is the relative velocity vector between par-
ticle j and sink s. Using the SPH smoothing kernel, we then
define an accretion time scale tacc as
tacc =
∑
jmjWj∑
j |M˙j |Wj
(8)
with Wj =
mj
ρj
W (∆~rjs, Hs) and Hs is the smoothing
length of the sink which is set to half its accretion radius.
At each timestep ∆t, the mass to be accreted by the sink is
given by
∆Macc = Mint
[
1− e−∆t/tacc
]
, (9)
where Mint is the total mass within the accretion ra-
dius of the sink. This accreted mass is removed from the
surrounding SPH particles by looking first at the closest
particle to the sink. If its mass it larger than the accreted
mass, we subtract the accreted mass from its mass. Other-
wise, we go to the second closest particle and continue until
the accreted mass has been completely subtracted from the
SPH particles within the interaction zone of the sink. This
algorithm is superseded in two cases. Firstly, we define a
maximum mass Mmax as the mass of the SPH particles con-
tained within the interaction zone at the moment the sink
was created. If the mass within the interaction zone exceeds
this value at any given time, we lower the accretion timescale
by setting tacc → tacc (Mmax/Mint)2. In this way a pileup of
mass within the accretion radius is avoided and accretion is
forced to be continuous. Secondly, if the timestep of a par-
ticle in the interaction zone satisfies ∆tj < γs
√
r3
sink
GMsink
, the
particle is accreted in its entirety without further checks.
The parameter γs is set to 0.01. The algorithm described
above is called ”regulated accretion”. Further details and
tests can be found in Hubber et al. (2013). The regulation
of the accretion onto a sink particle described above is im-
portant because we do not apply boundary conditions at the
sink accretion radius.
Because the mechanism for angular momentum transfer
in accretion disks is still uncertain, we decided not to imple-
ment non-spherical disk accretion and angular momentum
feedback from the sink particles (see sections 2.3.3 and 2.5
in Hubber et al. (2013)). We also do not consider mergers of
sink particles which were taken into account by Stacy and
Bromm (2013).
In the plots shown in section 4 below, we compute and
report the accretion rate onto sink particles by numerically
differentiating the sink mass as a function of time. When
referring to mean accretion rates, we consider time averages
of the accretion rate computed in this way. We also note that
the formation of sink particles leads to a decoupling between
the sinks and the surrounding gas, as sink particles suddenly
© 2015 RAS, MNRAS 000, 1–23
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become insensitive to the hydrodynamic forces exerted by
the surrounding gas. Since the hydrodynamical forces on
a forming protostar which is strongly gravitationally bound
are generally small, however, we do not think that this effect
significantly affects the dynamics of the sink particles. As a
result of this, the sinks are no longer coupled to the gas, and
will in particular decouple from the center of the gas mass.
Protostars which develop strong stellar winds should also
push their surrounding gas aside, which would lead to even
less pressure on the protostars (see for example Dopcke et al.
2013; Federrath et al. 2010; Kratter et al. 2009). Overall, it
remains to be further explored what the best approximation
would be to represent protostars into dynamical simulations,
so that the coupling is neither too weak nor too strong.
In order to determine pairs of sinks which form gravi-
tationally bound binary systems, we define the total orbital
energy per unit mass of a pair of sink particles as in Stacy
and Bromm (2013):
 = p + k, (10)
where p and k are the gravitational potential energy
and kinetic energy per unit mass, respectively, and are de-
fined as follows
p = −G (M1 +M2)
r
, (11)
and
k =
1
2
v2, (12)
knowing that r is their mutual distance, v is their rel-
ative velocity, and M1 and M2 are the masses of the pair,
respectively. A pair of sinks is considered a binary if  < 0.
Given the masses, the positions and the velocities of sink
particles which are components of a binary, we determine
the instantaneous orbital elements of the binary using stan-
dard formulae from celestial mechanics. We refer the reader
to chapter 6 of Danby (1989) for details.
2.2 Resolution criteria
Both the spatial and mass resolution play a vital role in
self-gravitating SPH simulations using sink particles. In par-
ticular, we need to ensure two main criteria: The accretion
radius of a fragment must be greater than the Jeans radius,
and the mass of the fragment must be greater than the mass
resolution adopted in the SPH scheme. These conditions are
imposed to ensure that no unphysical fragmentation occurs
and to prevent unphysical behaviour in SPH simulations of
star formation (Maio et al. 2009).
We define suitable resolution criteria as follows. At a
given density ρ, fragmentation of a local clump of gas can
be prevented by a sufficiently strong gas pressure. How-
ever, gravitational collapse of the region will occur when
the region has a characteristic radius greater than the Jeans
length,
RJ = 0.76
(
RT
Gρ
)1/2
, (13)
or equivalently, a mass greater than the Jeans mass,
MJ = 1.86
(
RT
G
)3/2
ρ−1/2, (14)
where R, T , ρ and G are the gas constant, the local tem-
perature, the local density and the gravitational constant,
respectively. The expressions for the Jeans radius and the
Jeans mass are in cgs units.
When the density of an SPH particle exceeds the den-
sity threshold for the formation of sink particles and the
additional conditions for sink particle creation described in
section 3.1.1 are fullfilled, Eq. (13) is used to determine
the accretion radius racc of the new sink particle. We set
racc = 26.0 au in our simulations, which is slightly above
the Jeans radius at the moment of sink particle formation.
In order to properly resolve fragmentation according to
the mass resolution condition for SPH simulations defined
by Bate and Burkert (1997), the Jeans mass evaluated at
the position of each SPH particle must always satisfy the
condition
MJeans > Mresolution. (15)
Mresolution is defined as
Mresolution = 2Noptmparticle, (16)
with Nopt the number of neighbouring particles and mparticle
the mass of a single particle in the SPH code. From Eq. (16)
we calculate the mass resolution of our simulations by set-
ting Nopt = 50 and mparticle = 0.0133 M, where mparticle =
1.3041× 104 M/NSPH and NSPH = 1150709. For our sim-
ulations, we get Mresolution = 1.133 M. We check that Eq.
(15) is never violated in our simulations.
2.3 Chemistry and cooling
The KROME package has already been employed to study a
variety of astrophysical problems that cover a wide range of
chemical and physical conditions (Bovino et al. 2013; Katz et
al. 2015; Prieto et al. 2015; Bovino et al. 2016; Schleicher et
al. 2015; Seifried and Walch 2016; Capelo et al. 2017; Lupi
et al. 2017; Ko¨rtgen et al. 2017). In the present work, we
employ a primordial network with the main cooling/heating
processes required to model collapsing primordial gas. Our
chemistry model includes a total of 9 chemical species: H,
H+, He, He+, He++, e−, H2, H+2 , H
−. The initial abundances
of these chemical species, expressed as mass fractions, are
as follows: fH = 0.75, fHe = 0.24899, fH+ = 8.2 × 10−7,
fe = 4.4× 10−10, and fH2 = 10−3. All the other species are
set to zero. We evolve the abundances of the chemical species
contained within the gas by solving the rate equations using
the DLSODES solver as outlined in Grassi et al. (2014). We
do not consider the radiative feedback from the protostars
and neglect the possible presence of a UV background so
that our simulations can be compared to Stacy and Bromm
(2013). The chemical reactions going on within the gas are
described using the primordial network described in Grassi
et al. (2014) in the absence of a radiative background. We use
the H2 cooling function provided by Glover and Abel (2008)
and updated to Glover (2015). We also include continuum
and Compton cooling as described in Omukai (2000), and
consider the formation/destruction of H2 and the associated
© 2015 RAS, MNRAS 000, 1–23
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energy sources/sinks that produce heating/cooling of the
gas.
3 RESULTS AND DISCUSSION
In this paper, we aim to investigate the effect of different
turbulent Mach numbers M and rates of rotation ω on the
process of fragmentation taking place in a Jeans unstable
primordial gas cloud. ω is defined as the angular speed with
which the gas sphere initially rotates as a solid body. The
importance of the rotational energy is further quantified by
the rotational parameter β which is defined as the ratio of
rotational energy to gravitational potential energy of the
system. The evolution of our models leads to the formation
of a rich population of Pop. III protostellar systems. In the
following sections, we describe and systematically discuss
our results.
3.1 Thermal and chemical evolution
We first discuss the thermal and chemical evolution of our
models. We start by focusing on the non-rotating and weakly
turbulent gas model M1 and present the detailed chemical
evolution of the collapsing primordial gas in this model. We
present a detailed study of the evolution of the chemistry to
validate the results obtained from GRADSPH-KROME. We
use the initial chemical abundances described in section 3,
which are employed for all models M1 - M7.
Figures 1 and 2 illustrate how the gas chemically evolves
as a result of the subsonic regime of turbulence imposed. The
gas is initially at 300 K with a mass density of 8.650×10−20 g
cm−3. These characteristic values of temperature and den-
sity are based on the micro-physics of H2 cooling with H2
acting as the dominant cooling agent and leave their imprint
on the thermal evolution of the primordial gas (Bromm et
al. 2002). As the gas collapses under self gravity the high-
est density region starts forming molecular hydrogen, which
then provides cooling as can be seen in the panels of figure
3. From left to right it shows the column density map, the
temperature map, and the molecular hydrogen map. The top
left panel in figure 1 illustrates how the temperature of the
gas evolves as a function of the density. It can be seen that
for densities of 10−20 - 10−14 g cm−3, the temperature keeps
increasing as the H2 fraction is approximately constant, and
the level populations are approximately thermalized. How-
ever, at just above 10−14 g cm−3, the gas starts producing
substantial amounts of H2 due to three body reactions, and
H2 then provides sufficient cooling to slightly decrease the
temperature. A sink particle representing a Pop. III proto-
star forms at a density of 10−11 g cm−3.
The mid-left panel of figure 1 describes the evolution of
the H2 mass fraction as a function of increasing density of
the collapsing gas. The onset of three-body molecular hydro-
gen formation can be seen at a density just above 10−14 g
cm−3. The sharp increase of the H2 abundance, however, sat-
urates when the density reaches 10−12 g cm−3 and hydrogen
becomes fully molecular. The electron mass fraction is shown
in the bottom-left panel of figure 1 and the mass fraction of
H+ is represented in the top-right panel of the same figure.
The concentration of e− as well as H+ steadily decreases
with increasing density due to the effect of recombination.
The evolving mass fractions of H+2 & H
− are presented in
the mid-right and bottom-right panels of figure 1, respec-
tively. In the initial phase of collapse (i.e. 10−20 - 10−14
g cm−3) these two chemical species show a rising trend up
to a density of around 10−18 g cm−3. Subsequently, their
mass fraction falls down again, initially with a less steep
slope followed by a much sharper decrease from a density of
10−14 g cm−3 onwards.
Figure 2 shows the radial profiles of the thermodynamic
quantities of the gas as well as the chemical species involved
at the time just before sink formation. The top-left and the
top-right panels show how density and temperature evolve
as a function of cloud radius. The density of the collapsing
gas increases with decreasing radius and follows the expected
profile of an isothermal collapse. The profile flattens around
5× 10−12 g cm−3 within a radius of 25 au from the central
density peak. The temperature profile shown in the top-right
panel shows a gradual increase of the temperature within a
radius of 7000 au from the point of maximum density. The
temperature shows a small peak at around 1000 au before
three-body H2 formation becomes efficient, subsequently de-
creases and finally reaches a plateau of around 1000 K. Ra-
dial profiles of the mass fractions for H2, H
+
2 , H
+, and H−
are presented in the mid-left, bottom-left, mid-right, and
bottom-right panels, respectively. For H2, initially a grad-
ual increase in the mass fraction of H2 is observed up to
a radius of 1000 au. From this point, three-body reactions
start to produce a significant amount of H2 and the mass
fraction of H2 increases until a radius of 50 au from the
central point of maximum density. Inside this region with
a radius of 50 au, the H2 fraction saturates as the gas be-
comes fully molecular. The mass fraction of the two species
H+2 & H
− first shows an increasing trend until a radius of
4× 104 au, and a subsequently decreasing trend until a ra-
dius of 25 au. These two species behave quite similarly in
terms of their evolution of the mass fraction as a function
of radius. On the other hand, the radial profile of the mass
fraction of H+ shows a different behaviour compared to that
of H+2 and H
−. The H+ fraction continuously decreases up
to around 25 au without a local maximum.
3.2 Spherical collapse
For gas clouds with an initially oblate shape, the angular
momentum of the cloud almost never has an important im-
pact on its collapse and fragmentation (Susa et al. 1996).
Our models instead consider a spherical distribution of gas
within the primordial clouds, and the presence of angular
momentum related to the rotation of the clouds produce
different results than for an initially non-rotating gas cloud.
For a non-rotating cloud with β = 0 and low levels of initial
turbulence M = 0.5 - 1.0, our primordial gas cloud models
M1 & M2 do not show any fragmentation and yield a single
massive 200 M Pop. III star (see table 1). In each case, the
Pop. III protostar forms at the very center of the collapsing
cloud. This is mainly due to the absence of a disk structure
because without rotational support the cloud collapses uni-
formly from all directions and gives birth to a single high
density region which, after reaching the sink particle den-
sity, is converted into a single Pop. III protostar. The pro-
tostar which appears in models M1 and M2 is formed at
470.74 kyr and 469.54 kyr, respectively. These individual
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Figure 1. Evolution of thermodynamic quantities and chemical species as a function of log density for model M1 just before the
formation of the sink particle. At the left, the temperature (K), the mass fraction of molecular hydrogen H2, and the electron fraction e−
are represented from top to bottom, respectively. At the right, the mass fractions of H+2 , H
+, and H− are shown from top to bottom.
Colour in online edition.
Figure 2. Radial profiles of the thermodynamic quantities and chemical species are shown for model M1 just before the formation of
the sink particle. At the left, the density (g cm−3) and the mass fractions of molecular hydrogen H2 and H+2 are represented from top
to bottom, respectively. At the right, the temperature and the mass fractions of H+ and H− are shown from top to bottom. Colour in
online edition.
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Figure 3. Results of the simulation for model M1. The plots show face-on views of the gas column density, the temperature (slice plot),
and molecular hydrogen column density integrated along the rotation axis at the times when the evolution of the models is terminated
according to the stopping criterion. The respective colour bars on the right of each column show log (Σ) in g cm−2, log T in K, and log
(H2). Each calculation was performed with 1150709 SPH particles. Colour in online edition.
protostars then start to accrete material continuously from
the surrounding gas and gradually increase their masses.
If a disk structure is formed in a rotating collapsing gas
cloud and the protostar is part of the disk, accretion gener-
ally proceeds via disk instabilities (Tan and McKee 2004).
However, in models M1 and M2 which are cases of initially
non-rotating transonic and subsonic turbulent gas clouds,
respectively, no such disk is formed during the collapse of
the clouds despite the presence of net angular momentum
related to the turbulence. The central protostar in models
M1 & M2 accretes a significant amount of gas in the radial
direction. Model M1 needs about 1200 yr longer than model
M2 to create its first and only protostar (sink 1). However,
it takes almost the same time of 2.0762 tff for the proto-
stars in models M1 & M2 to reach the mass limit of 200 M
at which the simulations were terminated. It is thus inter-
esting to note that models with Mach numbers up to 1 do
not produce strong deviations from a spherical collapse, as
long as there is no net initial rotation. As shown below, such
deviations occur however for a Mach number of 2 in model
M7 which involves a higher amount of turbulent angular
momentum compared to models M1 & M2.
3.3 Rotational effect on fragmentation
The initial density at which our minihalo models initiate
their collapse corresponds to a state where the collapse is
already baryon dominated (Loeb & Rasio 1994; Oliveira et
al. 1998; Abel et al. 2002; Susa & Umemura 2006; Schleicher
et al. 2009; Clark et al. 2011). Angular momentum also con-
tributes to the process of fragmentation. Conservation of
angular momentum leads to the formation of a rotationally
flattened region where density perturbations can cause frag-
mentation with multiple centers of collapse (Burkert and
Bodenheimer 1993; Tohline 2002). In our simulations, we
find that a substantial amount of fragmentation occurs in
the presence of initially non-zero rotation rates ω of the pri-
mordial gas cloud models. Figures 4 & 5 show the evolved
state of the four models M3, M4, M5 and M6 with initial
rotation. For each model, we show a column density map for
the total gas density (Figure 4) and for molecular hydrogen
(Figure 5) in the x-y plane. In addition, we show in Figure 6
the corresponding column density maps in the x-z plane of
these models to illustrate the disk structure of the collapsing
gas. As summarized in table 1, the four primordial gas cloud
models which are initially rotating with different rates also
cover a range of turbulent Mach numbers from subsonic to
the transonic turbulence, M = 0.5, 1.0. We find an inter-
esting trend in the level of fragmentation when comparing
models (M3 & M6) and (M4, & M5). Each set of models
has identical initial turbulent Mach numbers M = 0.5 and
M = 1.0, but have different ratios of rotational energy to
gravitational potential energy β = 5% − 10%. The level of
fragmentation seems to respond to the rate of rotation of the
primordial gas clouds. We observe less fragmentation in the
disk of model M6 which has β = 10% and therefore stronger
rotational support. The first set of models M3 & M6 pro-
duces 81 and 36 protostars,respectively, while the second set
of models M4 & M5 yielded only 38 and 32 protostars which
clearly reflects the difference in rotational energy between
the two sets of models.
It is interesting to compare the time taken by the two
sets of models to reach the prescribed mass limit of 200 M.
In the first set of models M3 & M6, the two clouds need
2.2425 tff and 2.4259 tff , respectively, to reach the stage
of evolution where the protostars collectively have a total
mass of 200 M. In the second set of models M4 & M5 the
two clouds with a respective total number of 38 and 32 pro-
tostars needed 2.2460 tff and 2.4259 tff , respectively, to
reach the mass limit of 200 M. This observation confirms
that Pop. III protostars forming in clouds with stronger
rotational support require more time to accrete significant
amounts of gas from their surrounding envelope. This pro-
cess does not seem to depend strongly on the number of pro-
tostars which are accreting gas from the envelope. Model M3
with 81 protostars and model M4 with 36 protostars take
almost the same time to reach the mass limit of 200 M (see
tables 1 and 2 for a summary). Another interesting observa-
tion is that for the models with identical β parameter and
increasing turbulent Mach number M, we see a decline in
the total number of protostars formed during cloud collapse.
In contrast, model M7 produces only 11 Pop. III protostars
and the limiting mass of 200 M is reached 0.2190 tff earlier
compared to the rotating models.
As can be seen in Figure 6, the disk structures appear
slightly inclined with respect to the initial axis of rotation
in models M4 and M5. This shift of the disk orientation is
indeed observed for individual protostellar disks in models of
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collapsing transsonical turbulent prestellar cores (Walch et
al. 2010). On the other hand, no such tilt is observed in the
disks formed in models M3 and M6. Despite the fact that
models M4 and M5 cover both high and low values of β, the
appearance of inclined disks can be explained by considering
the relatively stronger initial turbulence with Mach number
M = 1 in this set of rotating models. The net contribution
of the transonic turbulence leads to a random shift of the
rotational axis away from the initial direction of rotation in
models M4 and M5, and as a result the disks hosting the
protostars appear with a slight tilt from the initial axis of
rotation of the cloud.
Figure 7 shows the final outcome of model M7, which
is a non-rotating case like models M1 & M2, but with a su-
personic level of initial turbulence (M = 2.0). The plots in
Figure 7 show a more strongly turbulent gas structure. As
shown in table 1, the supersonic turbulence has produced
a total of 11 Pop. III protostars. The total mass contained
inside these 11 protostars took around 2.11512 tff to ap-
proach 200 M. As expected, regions with relatively cold
gas collapse to higher densities and reach the sink formation
density at various locations. The thick filamentary structure
within the gas is the birth place for the Pop. III protostars.
Unlike the other two less turbulent models M1 & M2, the
supersonic gas in model M7 needs 0.0389 tff (162.355 kyr)
longer to fragment to a level where the mass inside all pro-
tostars reaches 200 M.
3.4 Thermal response to M & β
Figure 8 shows phase diagrams for the temperature (log T
versus log ρ) and the mass fraction of H2 (log mass frac-
tion of H2 versus log ρ) for the rotating set of primordial
gas cloud models at the time when the first sink particle is
formed in these simulations. We present the diagrams for
model M7 (a non-rotating case) along with the other mod-
els with initial rotation (M3 - M6) considering that model
M7 has yielded multiple fragments including a few proto-
binary systems in agreement with the rotating models. All
of the models shown present more or less identical trends in
both the thermal and molecular hydrogen diagrams. The left
panel in Figure 8 illustrates the thermal behaviour for the
five models. The collapsing gas mainly cools due to molecu-
lar hydrogen which starts forming via (3-body processes)
(Palla et al. 1983; Fragile et al. 2004; Turk et al. 2010;
Forrey 2013; Bovino et al. 2014) at a density of around
1.0 × 10−14 g cm−3 and a temperature below 2000 K. At
lower densities, H2 may form via gas-phase reactions, which
is however known to be inefficient, and therefore leads only
to low abundances (see for example Abel et al. 2002; Omukai
et al. 2005; Glover & Savin 2009). It is important to note
that in model M7 (the non-rotating case) the profile looks
slightly smoother than the rest of the models (the rotating
cases).
3.5 Evolution of clump masses
At the time of their formation, Pop. III protostars posses a
mass less than 10−2 M (Palla et al. 1983; Omukai and Nishi
1998). However, because of the large reservoir of surrounding
gas and appropriate conditions for efficient mass accretion,
these protostars can significantly increase their masses over
time (Omukai and Palla 1983). The sink particles in our
simulations have a mass of 1.13 × 10−2 M at the time of
their formation. They then begin to grow as the accretion
continues. Figures 9 & 10 illustrate how the mass accretion
of individual fragments proceeds. Figure 9 presents mass ac-
cumulation profiles for the protostars in models M1, M2 and
M7. The top and bottom panels in the left part of the figure
show the mass accretion histories for the single sink parti-
cle (sink 1) which is formed in models M1 and M2. In each
model, the sinks have a fairly similar history of mass accre-
tion from their parent gas cloud, apart from the difference of
around ≈ 1200 yrs in the time required for their formation.
The sinks in each model attain 200 M by the time the
simulations are terminated at 470.30 kyr and 470.03 kyr,
respectively. The top & bottom panels in the right part,on
the other hand, are for the sink particles labeled sink 1 and
sink 5 in model M7, which are the most actively and the
least actively accreting components of proto-binary systems
in this model (see table 7 for reference). By the time ter-
minate the simulation is terminated, sink 1 and sink 5 in
model M7 have masses of 67.50 M and 12.06 M.
Figure 10 gives an overview of the mass accretion his-
tory for selected sink particles in the models M3 - M6 which
have an initial rigid-body rotation. We have selected the sink
particles which are members of proto-binary systems with
the largest and smallest accretion rates, respectively. The
blue and green curves in the top and the bottom parts of
Figure 10 show the mass accretion histories of the most ac-
tively accreting and the least actively accreting members of
proto-binary systems in the four indicated models, respec-
tively. The most actively accreting sink particle in model M3
(M = 0.5 & β = 5%) is sink 41. Its mass accretion history
is shown in the top left panel of the upper part in Figure
10. After its formation at a time of 507.4 kyr, sink 41 grad-
ually increases its mass. However, after an initially rather
gradual growth, a sudden bump occurs around 507.80 kyr
after which the mass increases more quickly. A final mass of
1.45 M is reached at the end of the simulation.
The bottom left panel of the upper part of the same
figure shows the mass accumulation history of sink 3, the
most actively accreting binary component in model M4 (M
= 1.0 & β = 5%) which is formed at a time of 507.75 kyr.
This system shows no sudden increase in its accretion his-
tory, but keeps acquiring mass from the surrounding gas in
a more gradual manner. It has gained a mass of 14.26 M
when the simulation is finished. The top right panel shows
the mass accretion history of the most actively accreting bi-
nary component sink 13 in model M5 (M = 1.0 & β = 10%).
After the formation of sink 13 at 549.8 kyr, it shows a grad-
ually increasing mass leading to a final mass of 6.0 M when
the simulation ends. Finally, the bottom right panel shows
the accretion history of sink 6 in model M6 (M = 0.5 &
β = 10%), which is selected according to the same crite-
ria. We observe a more prominent rising trend in the mass
accumulation history of sink 6. From its formation time at
547.90 kyr it keeps accreting material from the surround-
ing and attains a final mass of 1.34 M at the end of the
simulation.
In a similar way, the top left panel of the bottom part of
Figure 10 ilustrates the mass accumulation history for sink
34, the least actively accreting sink among all of the proto-
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Figure 4. Results of the simulation for models M3, M4, M5, and M6. The plots show face-on views of the column density for the total
gas density integrated along the rotation axis(z) at the time when the evolution of the models is terminated. The colour bars on the right
of each panel show the logarithm of the column density (Σ) in physical units of g cm−2. Each calculation was performed with 1150709
SPH particles. Colour in online edition.
binary systems in model M3 (M = 0.5 & β = 5%). It is
formed at 507.30 kyr and acquires a final mass of 2.62 M.
The least actively accreting proto-binary members in models
M4, M5 and M6 are sinks 4, 8 and 24, respectively. Sink 4 is
formed at 507.8 kyr and grows to a final mass of 17.74 M.
Sink 8 is formed at 549.70 kyr and acquires a final mass of
26.34 M. Sink 24 is created at 548.50 kyr and reaches a
mass of 4.36 M at the end of the simulation.
3.6 Accretion rates of Pop. III protostars
The mass accretion rate and its time evolution play a sensi-
tive role in determining the mass of Pop. III stars forming
in primordial gas (Omukai and Palla 2003). The process of
accretion also continues during the entire lifetime of these
protostars (Omukai and Palla 2003; Schmeja and Klessen
2004; Machida and Matsumoto 2011; Machida et al. 2011).
In Figures 11 & 12 we present a general overview of the mass
accretion rates for the protostars formed in models M1 - M7.
In each panel, the average accretion rate is indicated and
summarized in table 2. The values for the average accretion
rate are calculated including the initial peak in the profiles
for the accretion rate. As time proceeds, a general decreas-
ing trend in the mass accretion rates is observed. Figure 11
illustrates the non-rotating models M1, M2, and M7 is com-
plementary to Figure 9. Because the angular momentum of
the gas plays an important role it is expected that mass ac-
cretion only continues if rotation does not halt the collapse
(Yoshida et al. 2006).
The highest accretion rates are clearly observed in the
non-rotating models. The top left panel shows the mass ac-
cretion rate associated with the only sink particle which ap-
pears in model M1. The mass accretion rate for this proto-
star which has formed in transonically turbulent gas keeps
fluctuating around a mean value of 6.12 × 10−1 Myr−1
(see table 2). The bottom left panel of the same figure
represents the mass accretion rate for the sink particle in
model M2. Here the turbulence is subsonic and the pro-
tostar accretes material from its surroundings at a mean
rate of 6.57 × 10−1 Myr−1. The top right and the bot-
tom right panels respectively represent the mass accretion
rates of the most actively accreting and the least actively
accreting Pop. III proto-binary components in model 7.
Model 7 is initialized with supersonic turbulence and the
most actively accreting protostar (sink 1) in the top right
panel exhibits a high accretion rate which peaks at about
7.03 × 10−1 Myr−1 early in the course of the evolution
of this model. However, as the simulation proceeds until
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Figure 5. Results of the simulation for models M3, M4, M5, and M6. The plots show face-on views of the logarithm of the mass fraction
of molecular hydrogen integrated along the rotation axis(z) at the time when the evolution of the models is terminated. The colour bars
on the right of each panel show the logarithm of the mass fraction of H2. Each calculation was performed with 1150709 SPH particles.
Colour in online edition.
Figure 6. Results of the simulation for model M3, M4, M5, and M6. The plots show edge-on views of the column density in the x-z
plane integrated along the y-axis at the time when the evolution of the models is terminated. The colour bars on the right of each panel
show the logarithm of the column density (Σ) in physical units of g cm−2. Each calculation was performed with 1150709 SPH particles.
Colour in online edition.
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Figure 7. Results of the simulation for model M7. The plots show face-on views of the gas column density and the column density of
molecular hydrogen integrated along the rotation axis(z) at the time the evolution of the models is terminated. The colour bars on the
right of each panel show the logarithm of the column density (Σ) in physical units of g cm−2 and the logarithm of the mass fraction of
H2. Each calculation was performed with 1150709 SPH particles. Colour in online edition.
Figure 8. Phase diagrams of log T versus log ρ (left panel) and the logarithm of the mass fraction of H2 versus log ρ (right panel) for
models M3-M7 at the end of the simulations. Density is measured in g cm−3 and temperature is measured in K. Colour in online edition.
479.20 kyr, we observe a considerable decline of the mass
accretion rate to 2.210 × 10−2 Myr−1. Nevertheless, the
mean accretion rate keeps oscillating around a value of
1.89× 10−1 Myr−1 over the entire lifetime of the sink par-
ticle. The bottom right panel of the same figure shows the
history of the accretion rate of the least actively accreting
proto-binary component (sink 5) in model M7. This proto-
star accretes material from its surroundings with a mean
accretion rate 8.80 × 10−2 Myr−1. Being the least active
binary component in terms of its mass accretion, the mass
accretion rate for this Pop. III protostar drops down to a
minimum value of 2.05×10−2 Myr−1 as the system evolves
up to 479.20 kyr.
Figure 12 illustrates the mass accretion history for the
models M3 - M6 which have initial rotation. We again fol-
low the same criteria to select the protostars as discussed
previously in relation to Figure 11 and Figures 9 and 10.
The colour scheme is also identical to that used previously
in Figure 10. Focusing on the curves in the top part, the top
left panel of Figure 12 shows the results for sink 41 in model
M3 (M = 0.5 & β = 5%) which has a mean accretion rate
of 4.82× 10−2 Myr−1.
However, the later stages of its evolution which goes un-
til 508.0 kyr show that even for this most active protostar,
the accretion rate drops toward 7.12 × 10−3 Myr−1. The
bottom left panel shows the mass accretion history of sink 3
in model M4 (M = 1.0 & β = 5%). This protostar has an
average accretion rate of 1.953× 10−1 Myr−1. As the sys-
tem evolves up to 509.10 kyr the accretion rate drops down
to 2.59 × 10−3 Myr−1. The top right panel presents the
results for sink 13 in model M5 (M = 1.0 & β = 10%). For
this protostar, frequent high accretion peaks are observed
initially. But when the simulation proceeds to 551.50 kyr,
the accretion rate drops to 7.44×10−3 Myr−1. With a very
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active initial accretion phase, this protostar has a mean ac-
cretion rate of 4.40×10−2 Myr−1. The bottom right panel
shows the mass accretion history for sink 6 in model M6
(M = 0.5 & β = 10%). In this case the protostar keeps
accreting material from the surrounding gas at an average
rate of 7.25×10−2 Myr−1. At a later stage of its evolution
when the simulation has advanced to 549.70 kyr, however,
the mass accretion rate drops to 2.37 × 10−2 Myr−1, but
the accretion rate again shows a rising trend until the sim-
ulation is finally terminated.
On the bottom part of Figure 12, we show for each
model the time evolution of the accretion rates of the
Pop. III proto-binary components which are the least active
in terms of their mass accretion rates. The top left panel
shows sink 34 in model M3 (M = 0.5 & β = 5%). Initially
this protostar accretes at a high rate of 1.36×10−2 Myr−1
until 507.50 kyr. Later on the accretion rate drops consid-
erably to 2.18 × 10−4 Myr−1 until the simulation ends
at 507.9 kyr. The mean accretion rate for this protostar
is 2.44 × 10−2 Myr−1. The bottom left panel illustrates
the results for sink 4 in model M4 (M = 1.0 & β = 5%)
which has mean accretion rate of 5.15× 10−2 Myr−1. This
proto-binary component also accretes material at a rela-
tively higher rate of 2.31 × 10−1 Myr−1 until 508.7 kyr
and subsequently shows a drop of its mass accretion rate
to 6.43 × 10−3 Myr−1 at 509.1 kyr. The top right panel
shows the accretion history for sink 8 in model M5 (M =
1.0 & β = 10%). This protostar generally exhibits a low
level of accretion activity with an average accretion rate of
1.75×10−2 Myr−1, except for the earlier stage at 550.2 kyr
where the protostar shows a relatively high mass accretion
rate of 4.25×10−2 Myr−1 which quickly declines. The mass
accretion reaches its lowest value of 2.15 × 10−3 Myr−1
at 551.5 kyr. Finally, the bottom right panel of Figure 12
presents the mass accretion history of sink 24 in model M6
(M = 0.5 & β = 10%), which has a mean accretion rate
of 4.27× 10−2 Myr−1. The accretion history of this proto-
star also shows, in general, a decreasing trend, with a peak
as high as 1.30 × 10−1 Myr−1 at 548.6 kyr in the ear-
lier phase of the evolution, after which a decline follows to
1.77× 10−3 Myr−1 when the system evolves up 549.0 kyr.
Finally there is again an accretion phase which involves an
increase in the mass accretion rate to 2.81 × 10−2 Myr−1
at 549.10 kyr. The mass accretion rate then keeps on fluc-
tuating until the simulation ends at 549.7 kyr with a final
mass accretion rate of 1.28× 10−2 Myr−1.
We can compare the accretion rates reported in this sec-
tion to the previous work in the literature. For the simula-
tions with initial angular momentum illustrated in figures 10
and 12, most of the mass growth of the sinks has happened
within a timescale of 1000-2000 yrs, although the protostars
are still gaining substantial mass at the end of the simula-
tions. On average the range of the accretion rates at the end
of the runs (∼ 1.0×10−4 Myr−1 to ∼ 1.0×10−2 Myr−1)
and the protostellar masses are quite similar to the previ-
ous work of Stacy et al. (2010) (their Figure 9) and Stacy
and Bromm (2013) (their Figure 5). The effect of radiative
feedback is illustrated in Figure 10 of Stacy et al. (2012)
and implies an only moderate difference of 25 % in the mass
of the first sink formed in their simulation. On the other
hand, Susa (2013) simulated the growth of protostars in a
collapsing minihalo up to the main sequence phase over a
timescale of 105 yrs using an RSPH code. We expect that
his runs without feedback reported in his Fig. 5 are the
closest to the results of our paper. We generally estimate in
agreement with Susa (2013) that sink particle schemes will
tend to overestimate the growth rate of protostars certainly
if pressure effects at the accretion radius are not explicitly
taken into account. The models M1, M2 and M7 with zero
initial angular momentum have considerably higher accre-
tion rates, but we do not think that zero angular momen-
tum models, although of theoretical importance, are realistic
approximations of the initial conditions for Pop III star for-
mation.
3.7 Binary properties
We finally turn to a detailed investigation of the properties
of the protobinaries which are formed in our smimulations.
Figures 13 and 14 show histograms of the masses of the
proto-binary components, as well as the binary mass ratio,
the binary separation and the binary eccentricity. The his-
tograms in the left part of Figure 13 show the distribution
of the mass of the proto-binary components in models M3,
M4, M5, M6, respectively. To explore how the process of
fragmentation depends on the turbulent Mach number M
and the rotational parameter β, we divide the four models
into two sets (1 & 2) and four subsets (1.1, 1.2, 2.1, and
2.2). Set 1.1 contains models M3 & M4 with Mach number
M varying from 0.5 to 1.0, while keeping the rotational pa-
rameter constant at the low value β = 5%. Set 1.2 consists
of models M6 & M5 with Mach number M varying from
0.5 to 1.0 while keeping the rotational parameter constant
at the higher value β = 10%. We observe that a primordial
gas cloud with more rotational support and relatively strong
transonic turbulence produces higher mass protostars. For
instance, model M4 and M5 both are transonic but model
M5 with stronger rotational support produces more higher
mass protostars than model M4. Similarly, set 2.1 contains
model (M3 & M6) with rotational parameter β varying from
5% to 10% while keepingM constant at 0.5. Set 2.2 contains
models M4 & M5 where the rotational parameter β varies
from 5% to 10% while keeping M constant at 1.0. Com-
paring the histograms suggests that the number of Pop. III
protostars and their individual masses are controlled by the
strength of the initial rate of rotation ω as well as the Mach
number of the turbulence M in the primordial gas clouds.
We now focus on the properties of the Pop. III proto-
stellar systems in models M3 - M6. There are a total of 40
Pop. III protostellar binaries in the rotating gas cloud mod-
els at the end of the simulations. The number of binaries
in each model is summarized in table 1. Furthermore, in ta-
ble 2 we provide the total mass contained within these binary
systems as well as the total mass of the isolated Pop. III pro-
tostars. With respect to the total mass of 200 M which is
required to be inside sink particles at the end of the simula-
tions, we also calculated the fraction of this total mass which
is part of Pop. III binaries. We find that model M4 (M = 1.0
& β = 5%) yields 10 proto-binary systems, while model M3
(M = 0.5 & β = 5%) produces 20 proto-binary systems.
Despite the smaller number of binaries formed in model M4
it seems that the stronger turbulence in this model leads
to 10% more mass contained within binaries compared to
model M3. In model M5 (M = 1.0 & β = 10%), for com-
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Table 3. Summary of the results for model M3. The columns include the indices of the sink particles which are components of binaries,
the masses of the components, the semi-major axis (a), the eccentricity (e), the mass ratio (q), and the binary separation (d) at the end
of the simulation.
Component indices component masses (M) a (au) e q d(au)
sink 2, sink 3 12.83, 11.83 3.08 0.95 0.92 6.02
sink 3, sink 24 11.83, 1.07 43.06 0.48 0.009 62.86
sink 4, sink 31 3.35 , 1.40 77.81 0.82 0.42 116.50
sink 8, sink 5 13.34, 3.23 22.72 0.97 0.24 34.54
sink 6, sink 34 17.15, 2.62 29.04 0.74 0.15 50.36
sink 7, sink 31 3.60, 1.40 85.18 0.77 0.38 20.98
sink 8, sink 17 13.34, 6.84 97.39 0.66 0.51 65.26
sink 11, sink 28 2.40, 1.37 47.40 0.93 0.57 53.89
sink 22, sink 30 6.47, 2.64 26.08 0.96 0.40 43.84
sink 27, sink 25 2.44, 1.08 93.40 0.17 0.44 81.49
sink 37, sink 29 5.75, 2.30 42.31 0.62 0.40 62.75
sink 37, sink 38 5.75 , 2.42 30.59 0.32 0.42 30.99
sink 40, sink 42 4.10, 1.64 31.47 0.95 0.40 39.88
sink 44, sink 41 1.66, 1.45 60.57 0.85 0.87 104.2
sink 44, sink 46 1.66, 1.42 16.67 0.95 0.85 29.14
sink 51, sink 46 1.48, 1.42 28.57 0.65 0.95 23.47
sink 51, sink 55 1.48, 0.88 35.67 0.57 0.60 15.32
sink 52, sink 53 3.05, 1.38 20.68 0.98 0.45 32.91
sink 59, sink 61 1.54 , 1.49 18.85 0.94 0.97 36.52
sink 61, sink 62 1.49, 8.61 35.38 0.86 0.57 56.53
Table 4. Summary of the results for model M4. The columns include the indices of the sink particles which are components of binaries,
the masses of the components, the semi-major axis (a), the eccentricity (e), the mass ratio (q), and the binary separation (d) at the end
of the simulation.
Component indices component masses (M) a (au) e q d(au)
sink 1, sink 3 14.26, 10.51 26.92 0.99 0.73 51.39
sink 3, sink 8 10.51, 5.25 38.82 0.92 0.50 73.28
sink 5, sink 4 20.38, 17.47 18.24 0.14 0.85 20.17
sink 6, sink 10 12.42, 7.95 26.87 0.20 0.64 28.77
sink 9, sink 7 14.86, 12.79 17.22 0.90 0.86 32.71
sink 16, sink 17 7.42, 6.80 6.10 0.95 0.92 1.90
sink 17, sink 24 6.80, 3.68 69.58 0.92 0.54 73.48
sink 22, sink 20 7.93, 1.70 19.20 0.89 0.21 33.91
sink 22, sink 21 7.93, 6.58 27.75 0.96 0.82 41.93
sink 25, sink 27 2.35, 1.59 32.01 0.06 0.67 34.13
parison, we observe only 4 binaries, possibly indicating that
rotation plays a role in suppressing the formation of proto-
binary systems. Stacy and Bromm (2013) have analyzed the
mass distribution of Pop. III binary systems. They report
an upper limit for the most massive sink which is around
40 M. The mass range in our rotating models M3 - M6
goes from 31.96 M and 0.88 M, respectively. However,
if we include the Pop. III protobinaries formed in the non-
rotating model M7, then mass of the most massive proto-
binary component is found to be 67.50 M.
In the right part of Figure 13, we present the distribu-
tion of the binary mass ratio q in the rotating models M3
- M6. A detailed summary of the results can be found in
tables 4, 5, 6, and 7. The top left, bottom left, top right and
bottom right panels show the distribution of the mass ratio
q for models M3, M4, M5, and M6; respectively. To ana-
lyze how the distribution of q has responded to the varying
parameters (M & β), we use the same comparison scheme
as for the left part of the Figure. Comparing models (M3
& M4) and (M5 & M6) reveals that Pop III proto-binary
systems with higher mass ratios can be formed in collapsing
primordial gas clouds with subsonic turbulence levels. Simi-
larly, by comparing models (M3 & M6) and (M4 & M5), we
find that a weak initial rotational support seems to increase
the number of binary systems with a high mass ratio q. In
general, a wide spectrum of mass ratio q within the range
0.009 - 0.97 has been observed in all of our rotating mod-
els. We also see that with a decreasing turbulence level and
rotational support the range of mass ratio q gets seems to
get widened in our simulations. The broad overall distribu-
tion of mass ratio q in our Pop. III protobinaries agrees well
with Stacy and Bromm (2013) who have also found a wide
spectrum for the mass ratio q. Here it is interesting to note
that they include mergers while we do not.
In figure 14 we present on the left the distribution of
binary separations d and on the right the distribution of bi-
nary eccentricity e in the rotating cloud models M3 - M6.
The histograms on the left show the distribution of the bi-
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Table 5. Summary of the results for model M5. The columns include the indices of the sink particles which are components of binaries,
the masses of the components, the semi-major axis (a), the eccentricity (e), the mass ratio (q), and the binary separation (d) at the end
of the simulation.
Component indices component masses (M) a (au) e q d(au)
sink 1, sink 10 19.80, 2.99 23.74 0.69 0.15 40.11
sink 2, sink 11 9.46, 6.94 16.03 0.87 0.73 29.68
sink 7, sink 77 6.17, 1.92 40.75 0.97 0.31 55.02
sink 8, sink 13 26.34, 6.00 73.64 0.59 0.22 34.26
Table 6. Summary of the results for model M6. The columns include the indices of the sink particles which are components of binaries,
the masses of the components, the semi-major axis (a), the eccentricity (e), the mass ratio (q), and the binary separation (d) at the end
of the simulation.
Component indices component masses (M) a (au) e q d(au)
sink 1, sink 16 31.96, 5.49 37.02 0.57 0.17 24.56
sink 2, sink 10 17.57, 15.83 9.16 0.87 0.790 16.70
sink 4, sink 6 20.88, 4.36 85.68 0.65 0.20 122.2
sink 8, sink 5 10.66, 9.52 18.80 0.99 0.89 31.93
sink 10, sink 15 15.83, 8.68 57.23 0.92 0.54 73.60
sink 24, sink 25 1.34, 0.88 18.19 0.97 0.66 31.04
nary separations d in the top-left, bottom-left, top-right,
and bottom-right panels for models M3, M4, M5, and M6,
respectively. Comparing the sets (M3 & M4) and (M5 &
M6) allows us to address the effect of the turbulent Mach
number on these distributions. It is evident that under weak
rotational support both subsonically and transonically tur-
bulent gas clouds allow for the formation of relatively tightly
bound (6.02 au & 1.90 au) proto-binary systems. However,
the upper end of the binary separation distribution seems
to be limited to around . 75 au in the case of transonic
turbulence whereas the subsonically turbulent models with
identical rotational support yield protobinaries with separa-
tions as large as 116.5 au. For the case of strong rotational
support the cloud models, however, do not permit the forma-
tion of tightly bound proto-binary systems and the lower end
of the binary separation distribution increases to 29.68 au
& 16.70 au, respectively. Also a significant decrease in the
upper limit of the binary separation distribution is observed
in the case of the transonically turbulent gas cloud where
the maximum value of the binary separation to 55.02 au in
contrast to 122.2 au in the subsonic case.
Comparing model sets (M3 & M6) and (M4 & M5)
allows us to investigate the influence of the initial rota-
tional support on subsonically and transonically turbulent
gas clouds, respectively. For the models with subsonic tur-
bulence (M3 & M6), the initial rotational support does not
affect much the upper end of around 120 au of the binary
separation distribution. However, only in the case of weakly
rotationally supported gas clouds with subsonic turbulence
the lower end is populated with more tightly bound Pop. III
proto-binary systems with binary separations as small as
6.02 au. Similarly, in the models with transonic turbulence
(M4 & M5) we observe that the rotational support repeats
its role of populating the lower end of the distribution of
binary separation. Weak initial rotational support produces
tightly bound proto-binary systems with a binary separation
as small as 1.90 au.
Turning our attention to the right side of Figure 14,
we show the distribution of eccentricity e obtained in mod-
els (M3 - M6). A summary can also be found in tables 4
- 7. The top left, bottom left, top right, and bottom right
panels show the distribution of e for models M3, M4, M5,
and M6, respectively. Again we compare the model sets we
discussed before. To see how turbulence has affected the
distribution of the binary eccentricities, we compare mod-
els (M3 & M4) and (M5 & M6). The eccentricities of the
Pop. III proto-binary systems are evidently strongly affected
by the initial turbulent level in the clouds. We find that the
eccentricities for all binary systems formed in the models
are distributed within the range 0.14 - 0.99. Subsonic initial
turbulence (M = 0.5) in the parent gas cloud yields more
eccentric orbits for the emerging proto-binary systems. Sim-
ilarly, comparison of models (M3 & M6) and (M4 & M5)
identifies a general trend in the distribution of the binary
eccentricities. It is evident that primordial gas with weaker
initial rotational support β = 0.05 produces protobinaries
with more eccentric orbits.
3.8 Convergence tests based on varying Nopt and
Mtotal
In this section, we aim to assess the main uncertainties in
our simulations which are related to the number of neigh-
bours Nopt used in the SPH scheme, as well as the mass
Mtotal which must be accreted by the protostars before the
simulations are terminated.
The quantity Nopt only equals the true number of neigh-
bours as long as the number density of particles within the
smoothing sphere is approximately constant. So at best the
Nopt parameter characterizes the mean neighbour number
and there can be strong fluctuations about this mean, for
example in strong density gradients (see for example Price
2012).
We present a set of convergence tests to validate the
© 2015 RAS, MNRAS 000, 1–23
16 R. Riaz, S. Bovino, S. Vanaverbeke and D.R.G. Schleicher
Table 7. Summary of the results for model M7. The columns include the indices of the sink particles which are components of binaries,
the masses of the components, the semi-major axis (a), the eccentricity (e), the mass ratio (q), and the binary separation (d) at the end
of the simulation.
Component indices component masses (M) a (au) e q d(au)
sink 1, sink 4 67.50, 41.02 14.50 0.86 0.60 25.27
sink 2, sink 5 48.54, 12.06 58.22 0.90 0.24 110.0
sink 4, sink 3 41.02, 30.49 46.51 0.89 0.74 53.54
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Figure 9. Mass accumulation histories for the most actively accreting binary component (top right panel) and the least actively accreting
binary component (bottom right panel) in model M7. The top and bottom left panels show the mass accretion history for the sink particles
in models M1 & M2, respectively. The accumulated mass is represented in solar mass units M and the time is expressed in years. Colour
in online edition.
results reported in this work. These tests report on the bi-
nary statistics obtained from five models, M3A, M3B, M3C,
M3D, and M3E with number of neighbours Nopt = 50, 75,
100, 125, and 150 and Mtotal = 50 M. We further analyze 6
evolutionary stages of model M3 when the total mass Mtotal
inside protostars has reached values of 50 M, 100 M,
200 M, 300 M, 400 M, and 500 M, respectively. These
evolutionary stages are labeled as M3F, M3G, M3H, M3I,
M3J, and M3K. In this run Nopt is set to our standard value
of 50. The results obtained from these models are listed in
tables 8 and 9.
In Figure 15, we show the spatial distribution of pro-
tostars which have formed at the stages M3F-M3K of the
model M3. The 6 plots from top-left to the bottom-right
panel show the stage when the total mass contained within
sinks has reached values from 50 M to 500 M, respec-
tively. The last two stages of the collapse show the ejec-
tion of some of the protostars from the cluster by three-
and four-body dynamical encounters in dense stellar sys-
tems (Gvaramadze et al. 2009; Gvaramadze and Bomans
2008; Pflamm-Altenburg and Kroupa 2006; Kroupa 1998).
In the top-left panel of Figure 16, we show the mass
distribution of all sinks when the evolution of models M3A-
M3E has reached the stage when the total mass of the sinks
is Mtotal = 50 M. The figure suggests that despite changing
the number of neighbours Nopt, the mass distribution of the
sinks remains approximately the same. For all values ofNopt,
the mass of the majority of the sinks falls within the range
of 0.650 M - 5.625 M.
The top-right panel shows the mass distribution of the
sinks for the series of model stages M3F-M3K. We explore
values for the total mass Mtotal of the sinks ranging from
50 M - 500 M. In this case the mass distribution also
remains more or less identical even when the evolution of
the models reaches various stages. The shape of the mass
distribution indicates that most of the sinks have masses
within a range of 0.650 M - 10.0 M. However, the total
number of sinks which appear during the collapse increases
with time (see table 9). When Mtotal has reached 500 M,
the total number of sinks has climbed to 144.
The bottom-left panel of Figure 16 provides a compari-
son of the mass ratio q for all simulation models which vary
the number of neighbours Nopt. The mass ratio distribution
for models M3A-M3E shows that on average, varying Nopt
always leads to a similar distribution for q which covers the
entire range of possible values. The bottom-right panel of
Figure 16 represents the mass ratio distribution of the pro-
tobinaries for the model stages M3F-M3K. It is evident that
for the different evolution stages with Mtotal going from 50
M to 500 M, there appears to be no bias for the mass ra-
tio q and on average its distribution covers the entire range
from 0 to 1.
Looking further at the binary properties, Figure 17
presents distributions of the semi-major axis a and eccen-
tricity e for the protobinaries in the set of models M3A-M3E
and the simulation stages M3F-M3K. The top-left panel in-
dicates the distribution of the semi-major axis obtained for
the set M3A-M3E. As discussed above, this set of models
varies the number of neighbours Nopt in the range from 50
- 150. Apart from the extreme cases of Nopt = 125 and
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Figure 11. Evolution of the mass accretion rate for the most actively accreting proto-binary component (top right panel) and the least
actively accreting proto-binary component (bottom right panel) in model M7. The top and bottom left panels show the evolution of the
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Table 8. Summary of the values for Nopt and the final outcome of
the simulation models M3A-M3E. The initial conditions are iden-
tical to model M3 for each model. The simulations are terminated
when a total of 50 M has been accreted by the protostars.
Model # of Nopt # of protostars # of binaries
M3A 50 12 4
M3B 75 14 5
M3C 100 12 3
M3D 125 9 2
M3E 150 9 2
150, the models in this set seem to produce a wide range
of semi-major axes a (17 AU - 95 AU). The top-right panel
shows the semi-major axis distributions for the model stages
M3F-M3K. Interestingly, we observe a trend for more proto-
binary systems to appear with relatively larger semi-major
axes a with progressively increasing Mtotal. However, for
the extreme case of Mtotal = 500 M (the last evolution-
ary stage of model M3 considered), we find that the number
of proto-binary systems with large values of a has sharply
declined. We believe that three-body interactions (see for
example Susa et al. (2014)) which start to become domi-
nant from the evolution stage of Mtotal = 400 M are the
prime cause of disruption of some of the widely separated
proto-binary systems. Such dynamical encounters can affect
the number of proto-binary systems in a cluster. This dy-
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Figure 13. Distribution of the masses of proto-binary components (on the left) and the distribution of the binary mass ratio (on the
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Figure 14. Distribution of the binary separation (on the left) and the distribution of binary eccentricity (on the right) which have been
formed in models M3 - M6 with initial rotation. In each part, the top left panel is for model M3, the bottom left panel is for model M4,
the top right panel is for model M5, and the bottom right panel is for model M6. The masses are given in units of solar mass M. The
histograms are computed when a total of 200 M is contained in all of the protostars formed in each model. Colour in online edition.
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Table 9. Summary of the total mass inside protostars Mtotal,
the total number of protostars and the number of binary systems
at the evolutionary stages M3F-M3K for model M3. The initial
conditions are identical to models M3A-M3E.
Model Mtotal( M) # of protostars # of binaries
M3F 50 21 9
M3G 100 46 14
M3H 200 81 20
M3I 300 108 24
M3J 400 118 20
M3K 500 144 14
namical effect is illustrated in the last two panels of figure
15 in which ejection of protostars can be seen. The bottom
left panel of Figure 17 illustrates how the distribution of ec-
centricity e of the Pop. III proto-binary systems responds to
variations in number of neighbour Nopt. Just like the mass
ratio q, the distribution of eccentricity e covers the entire
range of 0 to 1. Despite the reduced number of 9 fragments
in the extreme case of Nopt = 150 and hence the small num-
ber of only 2 protobinaries (see table 8), both high and low
eccentric orbits seem to appear alongside each other. The
bottom-right panel describes the distribution of eccentric-
ity e for the model stages M3F-M3K. We observe a general
trend of high eccentric orbits for Pop. III proto-binary sys-
tems which form at various stages of primordial gas cloud
collapse. The overall distribution does not change apprecia-
bly when Mtotal increases during the cloud collapse. A final
important matter is the conservation of angular momentum
in simulations that produce a lot of sink particles. We have
checked the total combined orbital angular momentum of
the sink particles and the SPH particles over the course
of the long simulation M3, and find that, despite the fact
that this calculation does not take the angular momentum
accreted by the sink particles into account, the angular mo-
mentum conservation is good to within 0.001 %.
3.9 Limitations of the present study and future
work
Our work is an attempt to study the possibility of Pop. III
protostar formation in an environment which is independent
of both the radiation feedback from Pop. III stars affect-
ing nearby fragments in the collapsing primordial gas and
the external effect of a UV radiation background. Although
we consider three types of turbulence (subsonic, transonic,
and supersonic turbulence) to investigate their effects on the
Pop. III star formation, a wider range of initial supersonic
turbulent levels should be explored as supersonic turbulence,
in particular, plays an important role in shaping the cloud
structure, and in controlling star formation, because it cre-
ates the seeds for local gravitational collapse (Elmegreen &
Scalo 2004; Mac Low and Klessen 2004; McKee and Ostriker
2007).
In the present work we assume that the star formation
process is confined to an individual isolated cloud of pri-
mordial gas. This Jeans unstable cloud is chemically evolved
from an initial metal-free gas state to yield the first gener-
ation of protostars. However, since massive stars may even-
tually explode as Pop. III supernovae (SNe) and seed the
primordial host cloud with heavy elements (Tsujimoto et
al. 1999; Wise et al. 2011), this metal enrichment can have
strong implications for the formation of subsequent gener-
ation of stars, due to fragmentation triggered by dust or
metal line cooling (Ricotti et al. 2002; Ciardi and Ferrara
2005; Ricotti et al. 2008; Wise & Abel 2008; Smith et al.
2009; Bovino et al. 2014; Pallottini et al. 2014; Bovino et al.
2016). The chemical feedback and enrichment processes can
also affect the process of gas accretion in evolving Pop. III
proto-binary systems and can even alter their binary prop-
erties as the composition of the cloud changes. While we do
not investigate these processes in this paper, it is clear that
they can play a major role in the subsequent evolution and
the transition to the formation of low-mass stars. A possi-
ble approach to study the related mixing processes via SPH
simulations has been outlined by Greif et al. (2010).
The reported work in this paper has another limitation
as we currently do not include mergers between protostars
within our simulations. Stacy and Bromm (2013) estimate
that up to 50 % of their sink particles are lost to merg-
ers. Since mergers can therefore strongly affect the mass
spectrum of the fragments which has a direct impact on
the Pop. III proto-binary population, the absence of sink
mergers makes our work different from the previous inves-
tigations reported by Stacy et al. (2010, 2011); Greif et al.
(2011); Stacy et al. (2012) in which mergers of sinks have
been allowed. Also, it has been pointed out by Greif et al.
(2011) that the details of merging algorithm and possible
modifications within the scheme can have profound effects
on the sink accretion history. As a result of the impact of
binary mergers, the Pop. III proto-binary population could
therefore be reduced in size with binary properties that are
modified compared to what has been reported in this work.
On the other hand, the size of the protostars is very much
smaller than the accretion radius and the critical distance
for merging adopted by Stacy and Bromm (2013) is of the
same order of magnitude as the accretion radius. We there-
fore assume that they may have overestimated the rate of
mergers and the results obtained here may be more realistic.
In addition, magnetic fields could alter the dynamics in
the primordial gas. Even in case of initially weak magnetic
fields, efficient amplification may take place via the small-
scale dynamo (Latif et al. 2014; Schober et al. 2012; Schle-
icher et al. 2010; Sur et al. 2010). After the formation of an
accretion disk, rotation may order the magnetic fields and
start driving jets and outflows (Latif and Schleicher 2016;
Machida and Doi 2013). Further amplification may occur
in subsequent supernovae and HII regions, (see for example
Seifried et al. 2014; Koh and Wise 2016).
4 CONCLUSIONS AND OUTLOOK
We have conducted numerical simulations to study the frag-
mentation process of primordial gas clouds with our new
code GRADSPH-KROME, with the main goal to assess the
formation of protostellar binaries and their key properties
like the typical binary separation and the distribution of
their masses. The code combines the SPH framework with
the chemistry package KROME, which allows us to evolve
the models keeping track of a detailed chemical reaction
network that determines the gas cooling and is of crucial
© 2015 RAS, MNRAS 000, 1–23
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Figure 15. From top-left (first panel) to bottom-right (sixth panel), results are shown for the simulation stages M3F-M3J for model
M3. The plots show face-on views of the column density for the total gas density integrated along the rotation axis(z). The colour bars
on the right of each panel show the logarithm of the column density (Σ) in physical units of g cm−2. Each calculation was performed
with 1150709 SPH particles. Colour in online edition.
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Figure 16. Distributions of the masses of proto-binary compo-
nents for models M3A-M3E (top left) and the simulation stages
M3F-M3K for model M3(top right). For the same set of models,
the distributions of the binary mass ratio are shown in the bottom
left and bottom right plots, respectively. Colour in online edition.
importance to be able to follow the details of the fragmen-
tation process. We have validated the GRADSPH-KROME
code presented here, showing that the well-known thermal
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
0
1
2
3
4
5
6
 M3A
 M3B
 M3C
 M3D
 M3E
0.5 1 1.5 2
0
1
2
3
4
5
6
 M3F
 M3G
 M3H
 M3I
 M3J
 M3K
0 0.2 0.4 0.6 0.8 1
0
1
2
3
4
5
6
 M3A
 M3B
 M3C
 M3D
 M3E
0.2 0.4 0.6 0.8 1
0
1
2
3
4
5
6
 M3F
 M3G
 M3H
 M3I
 M3J
 M3K
Figure 17. Distributions of the semi-major axis of protobinaries
for models M3A-M3E (top left) and simulation stages M3F-M3K
for model M3(top right). For the same set of models, the distribu-
tions of the eccentricity are shown in the bottom left and bottom
right plots, respectively. Colour in online edition.
evolution of primordial gas clouds can be reproduced un-
der spherically symmetric conditions. The simulations were
evolved until a total of 200 M has been accreted into sinks,
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so that the output can be compared at the same evolution-
ary stage of the collapse.
In non-rotating and subsonically as well as transonically
turbulent gas clouds, we observed a single centrally located
fragment, which accretes material with a mean accretion
rate of 6.345 × 10−1 Myr−1 from its surrounding gas and
reaches 200 M when we terminate the simulation. In the
presence of supersonic turbulence, however, fragmentation
occurs and produces 11 fragments at various spatial loca-
tions even in the absence of an initial net rotation. Some of
these fragments become proto-binary systems, accrete ma-
terial from the surrounding gas and show pronounced vari-
ability in their mass accretion history. We classified these
protostars into the most actively accreting and the least ac-
tively accreting proto-binary components in terms of their
mass accretion rates. Unlike in the other non-rotating clouds
including subsonic/transonic turbulence, the supersonically
turbulent model provides a different environment for the ac-
cretion process. The mean mass accretion rate for the most
active and for the least active proto-binary components cor-
respond to 1.896×10−1 Myr−1 and 8.804×10−2 Myr−1,
respectively.
Strong filamentary structures are key features of all tur-
bulent gas models with an initial solid body rotation. While
the ejection of lighter mass fragments cloud happen in small
clusters of Pop. III protostars (Stacy and Bromm 2013),
we have not found such events within the comparatively
early evolution time of the models explored here. In rotat-
ing clouds all protostars tend to form in dense filamentary
structures. Due to rotation and the gravitational dynamics
between protostars, they are subsequently distributed to-
wards regions which are mostly not related to any filamen-
tary structure. The overall presence of central disks in our
models shows that gravitational disk instabilities are impor-
tant for regulating the process of fragmentation.
In order to compare the mass accretion rates between
the rotating primordial gas cloud models, we again distin-
guish the most active and the least active protostars in terms
of their mass accretion. Our rotating gas models have shown
various levels of fragmentation primarily dependent on the
initial conditions in these clouds. We have observed a total
of 40 Pop. III proto-binary systems. Based on our classifica-
tion we have found maximum and minimum accretion rates
of 2.31×10−1 Myr−1 and 2.18×10−4 Myr−1, respectively.
The mass spectrum of the individual Pop. III proto-
binary components covers a range from 0.88 M to 31.96 M
and is found to sensitively depend on the Mach number M
as well as the rotational parameter β of the clouds. Based on
our simulations the mass ratio is found to vary from 0.009
to 0.97 for all of the proto-binary systems. For decreasing
M and β our results suggest that proto-binaries with high
mass ratio are more easily formed. The eccentricity is re-
ported to be strongly dependent on the initial conditions.
We have observed eccentricities ranging from 0.14 to 0.99.
The distribution of binary separation is also obtained in this
work, and was found to vary between separations as low as
1.90 au up to values of ∼ 120 au.
While the specific results obtained here show some de-
pendence on the initial conditions, the formation of binary
systems appears as a generic phenomenon at least at this
early evolutionary stage of the system. For binaries with
separations of order ∼ 100 au, it seems plausible that they
will survive for a long time and could become permanently
stable, in particular when the gas from the envelope is de-
pleted. We suggest that the preliminary trends obtained in
this work should be corroborated using a set of simulations
exploring a larger range of initial conditions. It is clearly nec-
essary to assess their longer term evolution in future work
and also include the impact of mergers on the evolution of
the primordial binary population in order to shed light on
interesting phenomena such as the formation of X-ray bina-
ries and possible gravitational wave events related to merg-
ing binary systems which may be observable with LIGO in
the near future.
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